corticoids and dietary iron regulate postnatal intestinal heavy and light ferritin expression in rats. Am. J. Physiol. Gastrointest. Liver Physiol. 278: G217-G226, 2000.-To cope with increasing dietary iron exposure, the intestinal epithelium of weaning rats must control intracellular labile iron pools. Intestinal expression of heavy (H) and light (L) ferritin subunits during early weaning and after cortisone administration and/or iron feeding was investigated. Changes in H and L ferritin gene expression were determined by nuclear runoff transcriptional assay, Northern blot analysis, and metabolic labeling of protein synthesis. H ferritin mRNA levels did not change between days 12 and 15, doubled on day 18, and tripled on day 24. L ferritin mRNA was reduced by 50% on days 18 and 24. The protein level of the H and L subunits paralleled the change in mRNAs. Cortisone treatment on day 12 induced a precocious increase of H and decrease of L mRNA expression on day 15. Nuclear runoff assays showed that cortisone did not change H and reduced L ferritin gene transcription. The increased level of H mRNA by cortisone was not translated, unless the rats were fed an iron-fortified diet, which reduced iron regulatory protein activity and stimulated a three-to sixfold increase of ferritin synthesis. Thus changes in intestinal H and L ferritin expression in weaning rats are modulated by glucocorticoids and iron; the former stabilizes H mRNA and suppresses L ferritin gene transcription, and the latter derepresses translation of ferritin mRNA.
gene transcription and messenger RNA stabilization; ferritin biosynthesis; translational repression and derepression; iron regulatory elements; iron regulatory protein activities FERRITIN SERVES as an intracellular iron reservoir and plays a cardinal role in iron homeostasis. Ferritin proteins assemble into a shell consisting of 24 mixed heavy (H) and light (L) subunits. Iron enters into the shell via channels and is stored as ferrihydrite crystal with inorganic phosphate (17) . The H and L subunits perform distinct functions in the process of iron storage in ferritin. In vertebrates, the H subunit exerts the critical oxidative step of iron uptake and the L subunit confers nucleation center for iron core formation (17, 29, 37) . Ferroxidase activity gives the H subunit an important property for sequestering and limiting intracellular labile iron from catalyzing formation of highly toxic hydroxyl radicals. The formation of iron cores on L subunits greatly enhances iron deposition. The preferential expression of H-rich ferritin in the heart and brain and L-rich ferritin in the liver and spleen (7, 17, 40) has functional significance relating to iron storage, mobilization, and protection from toxic free radicals. The mechanisms underlying organ-specific ferritin subunit expression remain, however, mostly unknown.
Translational regulation is the best known mechanism for ferritin expression. This regulatory step is mediated by an iron regulatory element (IRE) in the 5Ј-untranslated region (UTR) of H and L mRNAs and cytosolic iron regulatory proteins 1 and 2 (IRP1 and IRP2) (2, 15, 17, 21, 24) . Because IRPs exert their translational repression by interacting with the IRE (2, 15, 16, 18, 20) , and because both IRPs have the same binding affinity to the IRE of H and L ferritin mRNAs (2, 7) , the lack of differential binding to IREs indicates that IRPs do not differentially regulate H and L mRNA translation. In rat heart and liver, H and L ferritin mRNA differ in neither recruitment of polyribosomes nor translational efficiency (7) . Thus tissue-specific ferritin isoform expression appears to be regulated by gene transcription and/or mRNA stabilization and by posttranslational stabilization of protein subunits.
Previously, we reported (41) a shift of rat ferritin isoform expression from L-rich to H-rich ferritin in the intestine at postnatal day 18. The developmental increase of intestinal H subunit expression is tissue specific, because in the liver the expression of H subunit does not increase. The intestine-specific change in H and L subunit expression during development provides an unique animal model for the investigation of tissue-specific regulatory mechanisms. Because iron feeding induces intestinal expression of ferritin with unaltered low H-to-L ratios (41) , the increase of iron intake during weaning is unlikely to contribute to developmental increase in H subunit expression. In many cultured cell types, increased H ferritin expression is associated with cell differentiation (11, 31, 33) . The postnatal increase of intestinal H ferritin expression might be related to intestinal maturation.
It is well documented that glucocorticoids modulate rat intestinal maturation in rats at postnatal days 18-20 (20, 42, 44-46) . In the present study, we investigated whether glucocorticoids could account for the The costs of publication of this article were defrayed in part by the payment of page charges. The article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
change in H and L subunit expression seen with development. We hypothesized that if hormonal regulation takes place, the developmental increase of H and decrease of L ferritin expression would be precociously induced by exogenous glucocorticoids. To test this hypothesis, we have carried out studies on the effect of cortisone on ferritin gene expression. In this report, we demonstrate that exogenous glucocorticoid stimulates specific increases of H ferritin mRNA expression in the intestine but not in the liver. The mechanism underlying this stimulation is mediated by specific stabilization of the ferritin H mRNA and suppression of L gene transcription. Elevation of ferritin H mRNA by cortisone is not accompanied by the increase of ferritin H subunit protein synthesis, unless iron is provided for translational derepression. The elevation of H and reduction of L ferritin mRNA after cortisone and the subsequent translation after iron exposure result in a greater rate of H subunit synthesis than L subunit synthesis.
MATERIALS AND METHODS

Materials.
Tris, hydrochloric acid, phenylmethylsulfonyl fluoride (PMSF), HEPES, dithiothreitol (DTT), sucrose, glycerol, NP-40, leupeptin, pepstatin, aprotinin, ␤-mercaptoethanol, TCA, DEAE-cellulose, Triton X-100, ferrous sulfate, sodium citrate, and formaldehyde were purchased from Sigma Chemical (St. Louis, MO). SDS, acrylamide, bisacrylamide, Chelex, and agarose were obtained from Bio-Rad Laboratories (Richmond, CA). Guanidinium thiocyanate and 2-mercaptoethanol were from Eastman Kodak (Rochester, NY). [ 35 S]methionine, [ 32 P]UTP, and [ 32 P]dCTP were from NEN (Boston, MA). Hybond-N nylon membrane was from Amersham (Arlington Heights, IL). QuikHyb rapid hybridization solution, Prime-It II random primer labeling kit, and RNA transcription kit were from Stratagene (La Jolla, CA).
Animals and experimental treatments. Sprague-Dawley rats from Charles River Breeding Laboratories (Wilmington, MA) were mated and bred in animal rooms with a 12-h light-dark cycle. Rats were fed Purina Laboratory Chow and water ad libitum. Litters were reduced to 10 at day 1, the second day after birth.
For studies of changes in ferritin subunit expression between postnatal days 12 and 24, animals were killed at days 12, 15, 18 , and 24 by cervical dislocation. The small intestine was removed, and luminal contents were flushed with ice-cold normal saline containing 0.1 mM PMSF, 1 µg/ml leupeptin, and 1 µg/ml pepstatin. The mucosa from the proximal onethird of the small intestine (designated as the duodenum) was scraped and used in the study. The proximal region of the small intestine is highly adaptive to iron deficiency (32) . To identify the changes occurring in the intestine as tissue specific, we also collected a lobe of liver for analysis.
Cortisone administration and artificial feeding of rat pups. For studies of the influence of glucocorticoids on ferritin subunit expression, 12-day-old rat pups were administered either saline or cortisone acetate (50 µg/g body wt ip) and were killed 3 days later. The dose of cortisone and the time of death have been reported to effectively activate high levels of sucrase-isomaltase gene expression (45) .
For studies of dietary iron on the ferritin subunits, salineor cortisone-treated rats on day 14 were lightly anesthetized by pentobarbital sodium, intragastric tubing was implanted, and rats were housed in a cup floating in a 37°C water bath for artificial feeding as described previously (42) . Each pup group was separated into two subgroups and fed 4 ml of 1.5ϫ milk formula (Similac, Ross Laboratories, Columbus, OH) supplemented either with no iron (low-iron diet) or with 224 µg of iron (in the form of FeSO 4 ) (iron-fortified diet) by continuous intragastric infusion for 12 h. This amount of iron increases intestinal ferritin protein without altering mRNA levels (41) . At 1 h before death, rats were administered [ 32 S]methionine (2 µCi/g ip) for the determination of H and L subunit synthesis rates. The proximal intestinal mucosa was collected for analysis. Day 12 rats were used, because at this age the animals had developed physiological anemia (39) and had not started to consume adult chow. Because the results from a separate study showed that the stimulation of intestinal ferritin expression reached a plateau 6-12 h after feeding of iron-containing chow, the rats were killed 12 h after feeding of dietary iron.
Northern and dot blot analyses of mucosal H and L ferritin mRNA levels. Total RNA was isolated according to the method described by Chomczynski and Sacchi (10) . For Northern blot analysis, 10 µg of total RNA was size-fractionated by electrophoresis on a denaturing 1.0% agarose-formaldehyde gel. The gel was stained with ethidium bromide to localize 28S and 18S ribosomal RNA, and the RNA was transferred to a Hybond-N nylon membrane by vacuum. RNA blots were air dried, cross-linked in an ultraviolet (UV) chamber, hybridized with labeled probes using QuikHyb hybridization solution, and washed under high stringency (Stratagene). The radioactive signals were stored on a phosphor screen, visualized with a laser scanner using a Storage Phosphor Imaging System (Molecular Dynamics, Sunnyvale, CA), and quantitated with ImageQuant software. 32 P-labeled cDNA probes were prepared by a random primer labeling method with [ 32 P]dCTP (NEN) using rat ferritin H cDNA (42) , processed ferritin L pseudogene clone pGL-66 (27) (a gift from Dr. E. A. Leibold) , and sucraseisomaltase cDNA clone (8) (a gift from Dr. S. J. Henning). For normalization of the amount of RNA in the blot, rat glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA in each sample was quantitated. The 32 P-labeled probe used for determination of GAPDH mRNA was prepared by in vitro transcription of pTRi-GAPDH clone (Ambion, Austin, TX). For precise quantitation, changes in ferritin mRNA expression were determined by dot blots. Total RNA was denatured at 65°C for 30 min in 1 M NaCl, 0.1 M sodium citrate, and 7.4% formaldehyde, applied to a cassette assembly, and blotted onto a Hybond-N nylon membrane (Amersham). The results from Northern blot analysis and dot blots were found to be consistent. Thus 10 µg of total RNA was used for the quantitation of ferritin mRNAs in Northern blots throughout.
Ferritin H and L protein analysis by immunoprecipitation. Intestinal and hepatic protein concentration was determined by the method of Bradford (4) with purified bovine serum albumin as standard. To quantitate tissue ferritin subunits, the duodenum and liver were homogenized in 10 vols of PBS containing 0.1 mM PMSF and 1 µg/ml each of leupeptin and pepstatin, incubated at 80°C for 10 min, cooled on ice for 15 min, and centrifuged at 16,000 g for 10 min as described previously (37) . Aliquots of the supernatants containing 5 mg of protein were incubated with 2ϫ excess of anti-rat ferritin antiserum overnight, and the immunoprecipitate was washed four times with PBS containing 0.01% Tween 20. To determine radioactivity in ferritin subunits, immunoprecipitates were subjected to SDS-PAGE to separate H and L subunits. As the positive control of mRNA translation, intestinal sucrase activity was measured according to the method described previously (43) . A unit (U) of sucrase activity is expressed as micromoles of sucrose hydrolyzed per milligram of protein per minute.
For determinations of [ 35 S]methionine incorporation in ferritin subunits, the immunoprecipitate was subjected to electrophoresis in a 5-22.5% polyacrylamide gradient gel under reducing conditions as described previously to separate H and L subunits (41) . Purified rat liver ferritin was run in parallel for the identification of ferritin subunit bands. Radioactivity in H and L subunits was determined with a PhosphorImager. Protein bands in the resolving gel were stained with Coomassie blue. H and L subunit proteins visualized by Coomassie blue staining were quantitated by transmittance densitometry using volume integration with ImageQuant application software (Molecular Dynamics).
Isolation of nuclei from intestinal mucosa and nuclear runoff transcription assays. The nuclei were isolated as described previously (43) . Briefly, duodenal mucosal scrapes from three rats were pooled, washed with 20 ml of ice-cold PBS, suspended in 10 ml of cell lysis buffer consisting of 10 mM HEPES (pH 7.5), 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 200 mM sucrose, 0.5% NP-40, 0.5 mM PMSF, 1 µg/ml leupeptin, and 1 µg/ml aprotinin, homogenized by 60-80 strokes in a Dounce homogenizer with pestle B to obtain Ͼ80% lysed cells (monitored by phase-contrast microscopy), filtered through four layers of cheesecloth, and centrifuged at 800 g for 5 min to obtain the crude nuclear pellet. The pellet was resuspended in 25 ml of cell lysis buffer without NP-40 but containing 1.65 M sucrose. The crude nuclear suspension was layered on a sucrose cushion solution (2 M sucrose, 2 mM MgCl 2 , and 10 mM Tris · HCl, pH 7.5) and centrifuged at 25,000 g for 1 h. The nuclear pellet was then resuspended in 200 µl of storage buffer (50 mM Tris · HCl, pH 8.3, 40% glycerol, 5 mM MgCl 2 , and 0.1 mM DTT) and stored in liquid nitrogen. Nuclear runoff transcription was performed in 400 µl (final vol) of reaction buffer containing (in mM) 10 Tris · HCl, pH 8.0, 5 MgCl 2 , 0.3 KCl, 0.1 DTT, and 0.5 each of ATP, CTP, and GTP with 0.1 mCi [␣-32 P]UTP for 30 min at 30°C (13) . After incubation, the reaction mixture was digested with RNase-free DNase I and subsequently by protease K. The RNA was then extracted from the mixture, hydrolyzed in 250 mM NaOH on ice for 10 min, neutralized by adding a half-volume of 1 M HEPES, and precipitated by ethanol. The newly synthesized RNA was used to hybridize ferritin H, ferritin L, sucrase-isomaltase, and GAPDH cDNAs immobilized on nitrocellulose membrane strips for 12 h at 65°C. For negative controls, pBluescript II SK(ϩ) DNA was also blotted on the membrane. High-stringency washing and radioactive signal detection were performed as described in Northern and dot blot analyses of mucosal H and L ferritin mRNA levels.
Determination of IRP activity by electrophoretic mobility shift assay. Unlabeled and 32 P-labeled RNA containing the IRE was prepared by in vitro transcription of the linearized (by Sma I) pGL-66 as described previously (28) . For labeled RNA, the transcription reaction was carried out in a reaction mixture containing 1.5 mM each of ATP, GTP, and CTP and 50 µCi of [␣-32 P]UTP (800 Ci/mmol, NEN) with SP6 RNA polymerase. 32 P-labeled RNA was purified after urea gel electrophoresis. Unlabeled RNA was similarly prepared except that the labeled UTP was replaced by 1.5 mM UTP. To prepare the cytoplasmic extract the mucosal scrape was gently homogenized in 10 vols of ice-cold lysis buffer (10 mM HEPES, pH 7.5, 3 mM MgCl 2 , 40 mM KCl, 5% glycerol, 0.3% Nonidet P-40, and 0.5 mM PMSF) with a Dounce homogenizer. The cytoplasmic extract in the supernatant was collected after centrifugation at 13,000 g for 10 min at 4°C and was stored at Ϫ70°C. Interaction of RNA and protein was analyzed by electrophoretic mobility shift assay (EMSA). Briefly, aliquots of cytoplasmic extracts containing 20 µg of protein were added into a reaction mixture containing 10 mM HEPES, pH 7.5, 3 mM MgCl 2 , 40 mM KCl, 5% glycerol, 2 mM DTT, and 1 ϫ 10 5 cpm of 32 P-labeled RNA probe. After 10 min of incubation at room temperature, RNase T1 (1 unit per reaction) and heparin (5 mg/ml) were added into the reaction mix and incubated for 15 min to degrade unbound probe and displace nonspecific protein-RNA interaction. Protein-RNA complexes were resolved on a 5% nondenaturing PAGE. Radioactive signals were detected by PhosphorImage analysis.
Statistical analysis. ANOVA was computed from the experimental data among animal groups. When the F-value obtained from ANOVA was significant, Bonferroni's test was applied to test for differences among groups. Unpaired Student's t-test was used to calculate the data between H and L ferritin expression within an animal group.
RESULTS
Effect of cortisone on H and L ferritin mRNA expression.
Intestinal mucosal H and L ferritin mRNA levels did not change between postnatal days 12 and 15. On postnatal days 18 and 24, mucosal H mRNA levels had increased approximately two-to fourfold, whereas L mRNA levels were reduced by 50% (Fig. 1) . The developmental change did not occur in the liver, because H and L mRNA levels remained the same at 12, 15, 18, and 24 days of age (Fig. 1) . Administration of cortisone at day 12 induced a two-to threefold increase of the intestinal H and a 60% reduction in L mRNA levels at day 15 (Fig.  2) . The cortisone-induced increase of H and decrease of L mRNA levels in the intestine was consistent with the result of separate dot blot analysis (not shown). In contrast to the intestine, in the liver cortisone changed neither H nor L mRNA levels (Fig. 2) . The effect of cortisone on intestinal differentiation was confirmed by precocious expression of sucrase-isomaltase mRNA (Fig. 2) .
Effect of cortisone on ferritin H and L transcription. Increases in intestinal ferritin H mRNA levels could be the result of either increased gene transcription or mRNA stabilization. Nuclear runoff transcription assay showed that cortisone had no influence on ferritin H gene transcription (Fig. 3) . In contrast, cortisone reduced L gene transcription by 50% (Fig. 3) . As an additional positive control of the transcriptional regulation, transcription of intestinal sucrase-isomaltase gene was analyzed and found to be precociously induced by cortisone (Fig. 3) .
Effect of cortisone on ferritin subunit protein expression. Postnatal increases of intestinal H mRNA expression were associated with an increase of H protein subunit at days 18 and 24 (Fig. 4) , resulting in a greater amount of H than L protein subunits. In the liver, there was no differential change in the expression of H and L protein subunits during development, although increases in both L and H subunits also occurred at days 18 and 24 (Fig. 4) . In cortisone-treated rats, however, the increase of intestinal H mRNA was not accompanied by an increase of H subunit protein (Fig. 5) . In contrast, in parallel with the decrease of L ferritin mRNA, there was a decrease of L subunit protein (Fig.  5B) . Cortisone had no effect on hepatic H and L ferritin expression (Fig. 5A and data not shown) . The marked increase of sucrase-isomaltase mRNA induced by cortisone paralleled with the increased protein synthesis, resulting in sucrase activity increasing from undetectable to 62 Ϯ 8 mU (n ϭ 3). The lack of H subunit protein production suggests that the translation of ferritin mRNA is independent of glucocorticoids.
Effect of dietary iron on ferritin H and L mRNA translation.
It is well documented that translation of ferritin mRNAs is regulated by iron (2, 16, 18) . It is likely that the failure of the elevated H ferritin mRNA to be translated was the result of physiological iron deficiency in the neonatal pups. To address the issue of whether iron was needed for the translation of H ferritin mRNA in cortisone-treated rat pups, we investi- (Fig. 6A) . The relative changes were very similar to the data for H and L mRNA levels shown in Fig. 2 . The iron-fortified diet did not alter intestinal H ferritin mRNA levels and induced a modest increase of L mRNA in control rats (Fig. 6A) .
In control rats fed a low-iron diet, the incorporation of [ 35 S]methionine into ferritin was relatively low and was 70% higher in H than L ferritin (Fig. 6A) . However, after adjustment for five methionines in the H and three in the L subunit, the synthetic rates of H and L subunits were similar. In rats fed a low-iron diet, cortisone did not increase ferritin subunit synthesis despite a marked increase of H ferritin mRNA (Fig. 6, B  and D) . The low ferritin synthetic rates were associated with a relatively low steady-state level of ferritin in both control and cortisone-treated rats fed a low-iron diet (Fig. 6, C and E ). The steady-state level of H-to-L subunit ratios, however, was lower in normal than in cortisone-treated rats (0.89 Ϯ 0.07 vs. 1.26 Ϯ 0.06, P Ͻ 0.05). Dietary iron markedly increased ferritin mRNA translation in control and cortisone-treated rats, because [ 35 S]methionine incorporation into ferritin increased dramatically (Fig. 6, B and D) . The increased H ferritin mRNA in the cortisone-treated rats was now clearly translated, because the [ 35 S]methionine incorporation into the H subunit increased significantly (Fig. 6 , B and D). The greater increase of H than L ferritin subunit synthesis resulted in an increase of ferritin H-to-L ratio in the steady state to 2.55 Ϯ 0.22 in Fig. 3 cortisone-treated rats fed an iron-fortified diet, compared with 0.76 Ϯ 0.08 in control rats fed an ironfortified diet (Fig. 6, C and E) . The increase of ferritin mRNA translation by ironsupplemented diet was associated with a reduction of IRP activity (Fig. 7) . The decrease as detected by EMSA occurred in both normal and cortisone-treated rats fed an iron-fortified diet (Fig. 7) . Interestingly, cortisone significantly increased IRP activity in rats fed a lowiron diet (Fig. 7) .
DISCUSSION
With weaning, the young of a mammal substitutes an adult diet for maternal milk to survive independently. Because the composition of the diets differ greatly, digestion and absorption of the adult diet depend on the adaptability and maturation of the digestive system. Carbohydrates are the best-known dietary components that differ between an adult diet and maternal milk. An adult diet is rich in ␣-linked di-or polysaccharides. Maternal milk contains mainly ␤-disaccharide (lactose). For the digestion of ␣-linked carbohydrates into monosaccharides, the enzymes needed to hydrolyze these sugars must be expressed in the intestinal epithelium. In rats, postnatal expression of the intestinal sucrase-isomaltase gene exemplifies this functional demand placed on the developing intestine (20, 45) . Iron is another important nutrient that differs in quantity in the neonatal versus adult diet. Iron is in low concentration in the maternal milk and is present in iron-binding proteins such as lactoferrin or transferrin and lipid. In the adult diet, iron is more abundant and is present as heme and various iron compounds that are potentially toxic. To cope with the increased iron in adult diets, the intestine of weaning rats must develop a mechanism to protect itself from the influx of excessive iron. H ferritin is one of the major proteins involved in the regulation of intracellular labile iron pools (17, 34) . The H ferritin subunit provides a stratagem for cell survival in an iron-rich environment, under oxidative stress and UV irradiation (3, 6, 12) . Thus an increase of H ferritin would protect the intestinal epithelium from the potential toxicity of iron.
The present observation that the increase of ferritin H expression occurred in the intestine but not in the liver during the early weaning period confirms our previous report (41) . The present study further demonstrates that cortisone induced a precocious increase of intestinal H ferritin mRNA and decrease of L mRNA levels, indicating that glucocorticoids modulate developmental changes in both H and L genes albeit in opposite directions. The increase of H and decrease of L ferritin mRNAs was regulated at different steps of gene expression. Nuclear runoff transcription data showed that cortisone did not increase H ferritin gene transcription. This data implies that H ferritin mRNA is regulated by transcript stabilization. In contrast, cortisone decreased L ferritin mRNA production, indicating transcriptional suppression. The mechanisms underlying the specific stabilization of H ferritin mRNA in the intestine are unknown. Tissue-specific ferritin mRNA stabilization has not been previously described in in vivo tissue, although it has been suggested that H ferritin mRNA is more stable than L ferritin mRNA in the rat liver (36) . In cultured cells, such as human monocytes (33) and erythroleukemia K562 cells (31) , an increase of H mRNA during differentiation is regulated by mRNA stabilization. Changes in intestinal ferritin H and L mRNA levels induced by cortisone, however, were not reflected in the H and L ferritin proteins unless the rats were fed the iron-fortified diet. Thus the present data reveal that the developmental increase of intestinal expression of H ferritin and decrease of L ferritin expression is regulated by two different categories of regulators at distinct levels of gene expression.
In contrast to H ferritin expression, the present data show that intestinal L ferritin mRNA expression was reduced during development and by cortisone. The opposite directions of regulation allow tissue-specific expression of ferritin shells with defined H and L ferritin subunits. The mechanism underlying cortisone suppression of L ferritin gene expression in the intes- The presence of two separate regulatory steps for the expression of both the H and L ferritin genes represents a stringent control of ferritin protein production. This regulation might be closely related to the metabolic need of intracellular labile iron, which would be quickly sequestered if H ferritin protein was produced under low iron status. In K562 cells, overexpression of the H ferritin subunit impairs ␤-globin mRNA accumulation and hemoglobin synthesis (35) . The translational control of ferritin expression is different from other intestinal transcripts, such as sucrase-isomaltase and lactase, to which glucocorticoids induce a coordinate increase of mRNA and protein expression in the absence of dietary substrate (42) .
Developmental expression of intestinal sucraseisomaltase is modulated by glucocorticoids (20, 32, (44) (45) (46) . We previously reported that the increase of intestinal sucrase-isomaltase mRNA paralleled sucrase activity during postnatal development (26) and after cortisone administration (46) . The mechanisms by which glucocorticoids induce sucrase-isomaltase gene expression remain undefined. Although the intention of the present study was to use sucrase-isomaltase as a positive marker for cortisone-induced intestinal maturation, the nuclear runoff data demonstrate for the first time that the rate of sucrase-isomaltase gene transcription was increased in cortisone-treated rats. These data suggest that glucocorticoids induce postnatal intestinal sucrase-isomaltase expression by an increase of gene transcription. The present data raise an important question about the mode of glucocorticoid action. Consensus sequences of glucocorticoid receptor binding sites in the promoter and enhancer regions of sucraseisomaltase gene have not been described (30) . Mesodermal products appear to be required, because the glucocorticoid induction of sucrase-isomaltase gene expression depends on the presence of mesodermalderived cells or their products (25, 44) . Because the induction of sucrase-isomaltase expression by glucocorticoids is confined to crypt cells (44, 45) , the hormonal responsiveness is limited to the uncommitted cells at the G 1 phase of the cell cycle (44) . The crypt cells might also be the target of glucocorticoid-induced suppression of L ferritin gene expression. The present observation showed that intestinal IRP activity was high in both control and cortisone-treated rats fed a low-iron diet and was significantly reduced in rats fed an iron-fortified diet. These changes in IRP activities had the expected relationship to ferritin protein expression, because the intestinal ferritin content was low in the rats fed a low-iron diet and was increased in the rats fed an iron-fortified diet. These data are consistent with the role of IRP repressing ferritin mRNA translation (17, 21, 24) and indicate that the translational repression also occurs in the neonatal intestine. In addition, our study of ferritin biosynthesis demonstrated that the synthetic rates of both the H and L ferritin subunits were significantly higher in rats fed an iron-fortified than in those fed a low-iron diet. These data further support the interpretation that the ironfortified diet increases ferritin mRNA translation through the decrease of IRP activities. The observation that the changes in the H and L ferritin protein synthesis occurred in parallel with mRNA levels is consistent with other reports indicating a coordinated control of H and L mRNA at the translational level (2, 7, 40) .
Both IRP1 and IRP2 activities in the intestine of rat pups were decreased by the iron-fortified diet. Iron modulates IRP1 activity by inactivation and IRP2 activity by degradation through the proteasome pathway (16-19, 22, 24) . A growing body of evidence indicates that oxidative processes mediate iron-induced reduction of both the IRP1 and IRP2 activities (17, 22) . We do not know whether oxidative processes mediate dietary iron-induced decrease of IRP1 and IRP2 activities in the intestine of rat pups.
The mechanism(s) by which cortisone increases IRP activity is also unknown. Nevertheless, the increase of IRP activity in cortisone-treated rats may have physiological importance. Because glucocorticoids are strong mitogens for the intestinal epithelial cell in weaning rats (42, 45) , and because iron is required for cell proliferation (1, 9), the increase of IRP activity would result in the increase of enterocyte iron uptake mediated by transferrin receptor (TfR) and perhaps the recently identified divalent cation transporter (DCT1) (14, 24) . Both TfR and DCT1 contain IREs in 3Ј-UTR. Interactions of the IRP and IRE would stabilize TfR and DCT1 mRNAs, with a subsequent increase of TfR and DCT1 expression (14, 24) . TfR is expressed in the basolateral membrane of enterocytes and is responsible for iron uptake by the transferrin-TfR-mediated endocytic pathway. DCT1 is expressed in the brush-border membrane of enterocytes (47) and is important for active transport of iron or other divalent metals (14) . An increase of intestinal expression of TfR has been reported to occur at the time of weaning and to correlate with the increase of crypt cell proliferation in rat pups (1). Steroid hormones have also been shown to increase TfR expression in the testes of hypophysectomized rats (36) . It remains to be determined whether glucocorticoids modulate TfR and/or DCT1 expression in the small intestine of weaning rats, placing the developmental control of the entire scope of iron uptake under hormonal regulation.
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